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Abstract 
 
The first stage of the CO2CRC Otway Project, located in south-eastern Australia, has stored 65,445 tonnes of 
CO2-rich gas in the depleted Naylor Gas Field. Comparisons have been made between simulations using the non-
isothermal multi-phase flow simulator TOUGH2/EOS7C and the accumulated field data up to and beyond the end of 
injection. The geological models and the derived simulation models have been able to fit most of the key features of 
the field data, including the downhole pressure measurements and the arrival time at the observation well. When 
fitting to the downhole pressure only, the observed arrival time was in the range of uncertainty of the model 
predictions. The use of multiple geostatistical realisations of heterogeneity demonstrates the importance of capturing 
the range of uncertainty in the geology and the consequent scatter in forward predictions.  Thus the storage of CO2 
in the Naylor depleted gas field is shown to be adequately modelled by numerical simulation, and this increases 
confidence in the suitability of similar depleted gas fields for underground storage.  
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1. Introduction 
The first stage of the CO2CRC Otway Project, located in south-eastern Australia, continues to store injected 
carbon dioxide in the depleted Naylor Gas Field at a depth of about 2000m below the surface. The injected gas was 
sourced from the nearby Buttress Field, with an average composition of 77 mole % carbon dioxide, 20 mole % 
methane and 3 mole % other gas components. Between March 2008 and August 2009, 65,445 tonnes of this gas 
(containing about 58000 tonnes of carbon dioxide) were injected into the Naylor Field. The injection well, CRC-1, is 
located 300 m from the original production well, Naylor-1, which is situated just off the crest of the structure. 
Injection of the gas mixture was into the Waarre “C” sandstone where the plume migrated updip due to buoyancy. 
The reservoir was monitored before, during and after injection via downhole pressure and temperature gauges in the 
injection well, fluid sampling from the reservoir at the Naylor-1 observation well (via a three-level U-tube 
assembly), and various geophysical methods including 4D seismic. Fig. 1 shows the relative location of the U-tubes 
in the observation well. The shallowest U-tube (denoted U1) is 10.1 m above the pre-injection gas-water contact 
(GWC). The middle U-tube (denoted U2) is 2.3 m below the pre-injection GWC, while the lowest U-tube (U3) is a 
further 4.5 m deeper. 
 
Since the inception of the project in 2004, numerical simulations of geological models of the Naylor Field have 
played an important role in design, approval, operation and interpretation. The modeling undertaken prior to 
injection (using commercial simulation software) has been described elsewhere [1]. The focus of this paper is on the 
comparison between simulations using the non-isothermal multi-phase flow simulator TOUGH2/EOS7C and the 
accumulated field data up to and beyond the end of injection. One of the aims of the modeling is to see how well the 
model can fit the data, and how well it can also predict or explain field observations.  
Figure 1: Schematic of the injection and monitoring wells within the Waarre reservoir unit. The locations of wellbore perforations and U-tube 
inlets are indicated, showing that U-tube 1 accesses the residual gas cap (red) 
2. Model  
Geological models were created based on 3D seismic data, wireline logs from both CRC-1 and Naylor-1 and core 
data from CRC-1. The reservoir is characterized by a series of stacked sand and gravel channels with varying 
degrees of reservoir quality, interbedded with 1 m to 3 m thick shale baffles. Digital core analysis has also been 
done to characterize the small-scale variations [2]. In order to capture the range of reservoir heterogeneity, a suite of 
static models was developed based on different choices for the depositional environment and permeability 
variograms. Case 1 had a shorter range for the correlation length (i.e. shorter-range heterogeneity), while case 2 had 
a longer range (more extensive shale layers). Multiple geostatistical realizations were generated for each of these 
cases.  
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The model was initialized in its pre-production state, with the original gas-water contact level estimated at -2015 
mSS (metres sub-sea) and an estimated 1.47 × 108 m3 of gas in place (measured at ‘standard conditions’ of 1 bar and 
15 C). The gas composition (in mole %) was 84.4 % CH4, 6.5 % N2, 4.6 % C2H6, 2.0 % C3H8, 1.0 % CO2 and 1.5 % 
heavier hydrocarbon components. Since the EOS7c module for TOUGH2 only allows binary mixtures with CH4, the 
simulation used only CH4 for the gas already in place, which underestimated the density of the gas. Initial pressure 
was 19.59 MPa at -1993.3 mSS in the gas leg. The reservoir temperature was estimated at 85 C, and the formation 
water salinity at 28,000 ppm by weight. Relative permeability and capillary pressure curves were matched to 
laboratory data taken from experiments on core from the Waarre C [3].  
Cumulative production from the Naylor-1 well (between June 2002 and October 2003) was 9.5 × 107 m3 of gas. 
Monthly production figures and wellhead pressures were available. The latter were converted to reservoir pressures 
by using a detailed equation of state to compute the pressure difference due to the gas column. After the end of 
production, the next reservoir data came in May 2006, when the Naylor-1 well was again logged. The level of the 
post-production gas-water contact in Naylor-1 was estimated as -1988.4 mSS.  
Injection of the CO2-rich gas in the CRC-1 well commenced March 18th 2008 and continued until August 29th 
2009. One pulse of tracers (312 kg SF6, 71 kg Kr and 1.7 kg CD4) was injected on 4-5th April 2008, and another 
pulse (52 kg SF6 and 65 kg R-134a (1,1,1,2-tetrafluoroethane)) on 21st January 2009. Downhole pressure and 
temperature gauges in CRC-1 provided fine-grained information (at 12 or 13 second intervals) on conditions in the 
wellbore, and these were corrected to give formation pressures at the perforations. Daily flow rates were available, 
with the average rate over the injection phase (including brief shut-ins) being 124 tonnes per day. In the simulation, 
the injected gas was modeled as being 77 mole % CO2 and 23 mole % CH4 (due to the limitations of the TOUGH2 
EOS7C module as explained above). The simulations used the average monthly production rates for the production 
phase, and daily flow rates for the injection.   
Apart from the downhole gauge data, the most important reservoir data came from the three U-tubes at Naylor-1, 
where samples were taken weekly and analyzed off-site. There are two issues to be addressed in analyzing how the 
simulations results should be compared to the U-tube sample results. The first issue is that before self-lift (i.e. before 
the gas flows freely up the U-tube), nitrogen was used to bring formation water in the U-tube up to the surface under 
pressure. Gas was then exsolved from the water samples at lower pressure and analyzed for composition and tracers. 
Thus before self-lift, the field data is primarily information about the dissolved gases (since a mobile gas phase is a 
necessary condition for self-lift). The second issue is deciding where the U-tube samples came from in the reservoir. 
Each U-tube has a sampling port that extends over 0.6m vertically. In addition, the sampling process requires a flow 
rate of approximately 10-30 kg/hour, and creates a pressure drawndown of about 0.3 kPa around the U-tube. There 
is potential for communication within the wellbore, since the sampling locations are not isolated from each other, 
and the weekly cycle of sampling removes a fluid volume of the same magnitude as the volume within the wellbore 
below the packer. The pressure change needed to draw samples up from U-2 would be  g h (where  is the fluid 
density difference between U-1 and U-2, g is the acceleration due to gravity and h is the vertical distance) and is 
here approximately 11 kPa. This analysis and further field testing has demonstrated that the samples from the 
uppermost U-tube (U-1) are independent of the lower ones. On the other hand the samples from U-2 and U-3 will be 
independent when there is a substantial difference in fluid density (e.g. when U-2 is self-lifting and U-3 is not), but 
once both the lower U-tubes are self-lifting then mixing will occur [4].  
3. Results 
The process of adjusting the simulation model to fit the field data – referred to as ‘history-matching’ – was done 
in stages. Firstly, the numerical models derived from the geological models were matched to the pre-injection data – 
the production rates, the (converted) reservoir pressures during production, and the pressure and gas-water contact 
during the post-production pressure recovery (details of this process –albeit with a different simulation code - are 
given in [1]). Here the aquifer permeability had the greatest sensitivity in matching the reservoir pressure over time. 
Fig. 2 shows the fit for case 1 (shorter-range heterogeneity) and realization 1. These adjusted models were used to 
predict the field observations during injection, and indeed were initially used to determine the placement of the new 
CRC-1 well, so that the arrival time at the monitoring well would be likely to be less than six months.  
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Between the various equiprobable geological realizations together with different choices for relative permeability 
curves, the average of predicted arrival times (of mobile gas) at the observation well (U2) was 220 days and the 
range was 150-390 days. The predicted range compares well to the event of self-lift beginning in U2 after 177 days.  
 
Figure 2: Result for fitting downhole pressure to simulation model for case 1 (shorter-range heterogeneity) and realization 1. Green curve: 
the simulated reservoir pressure at Naylor-1 (the production and observation well). Red curve: the simulated reservoir pressure at CRC-1 
(the injection well). Black curve: actual reservoir pressure at CRC-1 during injection. 
Figure 3: Matching of downhole pressure at CRC-1 during and after injection to four different realizations of the geological model.  
Secondly, the numerical models were adjusted to match the downhole pressure at the injection well during and after 
injection. Fig.3 shows the fit obtained for each of four realizations. Although there was a good amount of core 
obtained during drilling in CRC-1, the well-test that was performed failed due to blocked perforations. Thus the 
pressure changes during injection provide vital information about the average permeability on a reservoir scale. 
Among the many parameter variations explored, adjustments to the overall reservoir permeability were the most 
effective at improving the history match with the pressure data. Non-isothermal effects (due to the injected gas being 
cooler than the reservoir), near-well permeability enhancements and relative permeability variants were explored, 
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but all had a weak effect on predicted downhole pressure. In this matching process, each realization of the 
geological model had to be fitted separately. Note that the fitting process is non-unique, and there is a parameter 
space of variations which would fit equally well.  
Fig. 4 shows the predictions of these fitted models for the gas composition at U2, the sampling point just below 
the post-production gas-water contact, compared to the field data. Four realizations of the model are shown, with 
two different relative permeability curves for each, one non-hysteretic (NH) and one hysteretic (HY). The timing of 
self-lift is indicated at 177 days. Note that so far the field data from U2 has not been used in the fitting process. For 
the simulations, the two phases are sampled from a grid block in proportion to their relative mobility, and for the 
liquid phase the composition of exsolved gas is deduced from the mass fractions of dissolved gas, assuming 
complete equilibrium. The simulation results give an indication of the inherent uncertainty coming from the model 
uncertainty about the heterogeneity of the permeability distribution, and on top of this the differences due to changes 
in assumptions about the relative permeability curves. The adjustments to the bulk permeability in each realization 
have improved the predictions for the arrival time at U2 (here taken as self-lift) to an average of 180 days, with a 
range of 140-340 days. This confirms the usefulness of the matching procedure in constraining the model.  
Tracers were important for confirming that the increase in CO2 in the U-tube samples was indeed due to the 
arrival of the injected gas.  Fig. 5 shows the predictions of the fitted simulations (i.e. fitted to downhole pressure) 
against the field data for SF
Figure 4: Comparison of simulation (lines) and field data (open circles) for gas composition at U2. There are two cases (case 1 is 
short-range heterogeneity, and case 2 is longer-range heterogeneity), and two realizations of each case. “NH” indicates non-hysteretic 
relative permeability curves and “HY” indicates hysteretic ones. 
6 at U2. The arrival time of the tracers is within the range of uncertainty of the forward 
predictions, with different assumptions about the relative permeability curves (hysteretic vs non-hysteretic) 
contributing as much variation as the heterogeneity of the geology.  
The detection of the injected gas at U3 was expected to be later than at U2, as the denser injected gas filled the 
reservoir downwards beneath the residual methane-rich gas cap. Fig. 6 shows the comparison of simulation 
predictions with field data. After U2 was self-lifting, and before U3 went to self-lift at 303 days after injection, there 
was a period from 233-303 days where the exsolved gas from U3 sample gradually became richer in CO2.  This is 
also found in the simulation curves, although the simulations typically predict a maximum in CO2 content in the 
dissolved gas just before self-lift occurs. As discussed above, even with a small pressure drawdown during U-tube 
sampling, the composition of U3 samples will be influenced by the gas properties slightly above the U-tube location. 
It is difficult to reproduce this fully in the simulation, and this may account for the broader transition in the field data 
between the composition of the exsolved gas and the free gas, and the slightly earlier arrival of the injected gas at 
U3 in the field results. As was the case for U2, the geological heterogeneity gives a spread of forward predictions for 
the arrival time of the plume at U3.  
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Fig. 7 shows vertical cross-sections (along the line of the wells) for one realization of the model (case 1 – shorter-
range heterogeneity – and realization 1) at the end of injection. Note that the vertical exaggeration in these plots is 
5:1, and the lateral distance between the wells is 300m. The plot of gas saturation (Fig 7a) shows the location of the 
residual methane-rich gas cap, the region of high saturation (red). The plot of CO2 mass fraction (Fig 7b) indicates 
the location of the injected CO2-rich gas, which due to greater density stays beneath the methane-rich original gas. 
The dispersion of the first tracer pulse can be seen in the plot of tracer mass fraction for SF6 (Fig 7c). There are 
thermal effects since the injected gas has a temperature of around 63 C at the perforations, 20°C colder than the 
reservoir. The plot of temperature (Fig 7d) shows that the cooling effect is limited to a small region around the 
wellbore.   
Figure 5: Comparison of simulation (lines) and field data (open symbols) for SF  tracer at U2. The field data for Kr and CD6 4 tracers are also 
shown for comparison. Curves as in Fig. 4. 
Figure 6: Comparison of simulation (lines) and field data (open circles) for gas composition at U3. The gas composition at U1 is also shown 
(open squares).  
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Fig. 7e and 7f compare the effect of different realizations and assumptions about the heterogeneity on the 
Figure 7: Vertical cross-sections along the line of the wells for  simulation results in case 1 (shorter-range heterogeneity) and realisation 1, 
at the end of injection. The vertical exaggeration is 5:1.(a): gas saturation.(b): total CO2 mass fraction (c) tracer mass fraction in gas (d) 
temperature (°C)  (e) case 2, realisation 1, total CO mass fraction mass fraction (f) case 1, realization 2, total CO2 2 
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distribution of injected CO2 (see also Fig. 7b). Within the same case 1 for shorter-range heterogeneity (Fig. 7f and 
Fig. 7b), changing the realization does not have a striking impact on the injected CO2, although the arrival time at 
U3 is obviously affected (see Fig. 6). On the other hand changing the assumptions about the correlation length of the 
heterogeneity (Fig 7e vs Fig 7f) has an obvious effect, with higher concentrations of CO2 towards the outer edge of 
the residual gas cap in case 2 than in case 1.  
Although the comparison with field data for U2 and U3 is encouraging, there is an issue with the data from U1, 
the sampling location at the top of the residual gas cap. The mole fraction of CO2 from U1 (see Fig 6) also rises 
from 200 days, and plateaus at about 25 mole %. Similarly tracers are detected there, signaling the arrival of the 
injected gas. The current simulation models do not predict this observation – it is clear from Fig 7 that the injected 
CO2 stays in the lower part of the residual gas cap. Further field observations on the sampling procedure, and 
numerical modeling of the near wellbore environment have shown that U1 is independent of U2 and U3 during 
sampling. This implies that the gas sampled at U1 does not migrate inside the wellbore, although there remains a 
possibility of a higher permeability pathway in the near wellbore environment (e.g. between casing and wellbore). 
Of the multiple scenarios being investigated, the most plausible again relates to heterogeneity: there is a major shale 
break in the Waarre-C at Naylor-1 about 8m from the top of the formation, below the perforations used for 
production. It is possible that production preferentially depleted the gas above the shale break, until water 
breakthrough. In this case some of the initial injection gas would fill this depleted region above the shale interval, 
with breakthrough at U1, as well as filling downwards below the gas-water contact underneath the shale.  
4. Conclusions 
The geological models and the derived simulation models have been able to fit most of the key features of the 
field data, including the downhole pressure measurements and the arrival time at the observation well. When fitting 
to the downhole pressure only, the observed arrival time was in the range of uncertainty of the model predictions. 
The use of multiple geostatistical realisations of heterogeneity demonstrates the importance of capturing the range of 
uncertainty in the geology, and the consequent scatter in forward predictions.  Pressure data from downhole gauges 
has proved to be very valuable for adjusting the bulk reservoir properties in the simulation model, and improving the 
accuracy of simulation predictions. Thus the storage of carbon dioxide in the depleted Naylor Gas Field is shown to 
be adequately modeled by numerical simulation, and this increases confidence in the suitability of similar depleted 
gas fields for underground storage 
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